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Abstract
Our six-week treadmill running training (forced exercise) model has revealed that mild exer-
cise (ME) with an intensity below the lactate threshold (LT) is sufficient to enhance spatial
memory, while intense exercise (IE) above the LT negates such benefits. To help under-
stand the unrevealed neuronal and signaling/molecular mechanisms of the intensity-depen-
dent cognitive change, in this rat model, we here investigated plasma corticosterone
concentration as a marker of stress, adult hippocampal neurogenesis (AHN) as a potential
contributor to this ME-induced spatial memory, and comprehensively delineated the hippo-
campal transcriptomic profile using a whole-genome DNA microarray analysis approach
through comparison with IE. Results showed that only IE had the higher corticosterone con-
centration than control, and that the less intense exercise (ME) is better suited to improve
AHN, especially in regards to the survival and maturation of newborn neurons. DNAmicro-
array analysis using a 4 × 44 K Agilent chip revealed that ME regulated more genes than
did IE (ME: 604 genes, IE: 415 genes), and only 41 genes were modified with both exercise
intensities. The identified molecular components did not comprise well-known factors relat-
ed to exercise-induced AHN, such as brain-derived neurotrophic factor. Rather, network
analysis of the data using Ingenuity Pathway Analysis algorithms revealed that the ME-influ-
enced genes were principally related to lipid metabolism, protein synthesis and inflammato-
ry response, which are recognized as associated with AHN. In contrast, IE-influenced
genes linked to excessive inflammatory immune response, which is a negative regulator of
hippocampal neuroadaptation, were identified. Collectively, these results in a treadmill run-
ning model demonstrate that long-term ME, but not of IE, with minimizing running stress,
has beneficial effects on increasing AHN, and provides an ME-specific gene inventory
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containing some potential regulators of this positive regulation. This evidence might serve
in further elucidating the mechanism behind ME-induced cognitive gain.
Introduction
Although dependent upon intensity based on lactate threshold (LT; approximately 50 to 60%
of maximal oxygen consumption in humans), exercise has a positive effect on the function of
the hippocampus, a brain region that plays an important role in the formation of memory [1–
5]. The LT is known as a reference point where the steady state of blood lactate accumulation
breaks down during incremental exercise. At intensities above the LT, exercise causes a stress
response characterized by a slight rise in the levels of adrenocorticotropic hormone and corti-
costerone (CORT) in the blood and by activation of hypothalamic loci, known as a center of
homeostatic regulation including the stress response [6–8]. Therefore, based on the LT, exer-
cise is separated into mild exercise (ME;<LT), which can be described as a stress-free exercise
condition in our study, or intense exercise (IE;>LT), which is accompanied by exercise-de-
rived stress [9]. ME yields greater benefits for hippocampal function than does IE; our recent
study showed that rats that underwent six weeks of mild (ME), but not intense (IE), treadmill
running training had increased spatial memory in a Morris water maze (MWM) compared to
sedentary controls (CONT) [5]. However, the regulatory mechanism remains unclear.
Exercise increases adult hippocampal neurogenesis (AHN) [1,10–12], that is a continuous
production of new neurons in the hippocampal dentate gyrus (DG) [13–15], and furthermore,
exercise-enhanced AHN is considered an important cellular substrate for the development of
hippocampal function [1,4,10]. The origin of AHN is adult neural stem cells, which can grow
into functionally matured neurons through a development process that is divided into three
main stages (cell proliferation, differentiation and functional maturity) over four to six weeks
[13–15]. The newly generated mature neurons are considered to be a contributor in memory
formation because of having a functional synaptic connection with the existing neuronal circuit
and the unique morphological features of dendritic spine for enhancing synaptic potentiation
[16–19]. The evidences showing that the neurons are preferentially activated during hippocam-
pal-dependent behavioral task [13–15,20] also support their important contribution to memo-
ry processing. Most importantly, a study by Clark et al. (2008) found that the suppression of
exercise-induced AHN by irradiation eliminates the enhanced hippocampal function, especial-
ly the increased spatial memory, as revealed by the MWM task [21]. Though the role of AHN
in hippocampal function is a debatable issue [13–15,22], these findings imply that the exercise-
intensity-dependent effect on spatial memory may be related to the difference of AHN, espe-
cially of the number of mature neurons, in each exercise condition.
In our laboratory, we have investigated exercise-intensity-dependent changes in AHN for a
two-week treadmill running training model, and confirmed that ME increases AHN, while
these effects disappear with IE [23]. Althought the results demonstrate that ME is more benefi-
cial for increasing AHN than is IE, this cannot be easily translated to a six-week exercise model
since animals subjected to long-term intense exercise sometimes exhibit a stress adaptation
[24] and resistance to environmental stresses [25]. If IE causes the stress adaptation within the
six weeks of the training period, it might lead to increased AHN with no change in the plasma
levels of stress-related hormones, such as CORT, a negative regulator of AHN [26]. Further-
more, a longer period of exercise training seems to be required to increase the mature neuron
associated to memory formation. In fact, previous studies examining the effects of exercise in
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AHN have shown that long-term (≧ 4 weeks) exercise increases the number of cells that differ-
entiate into neurons, enhancing synaptic plasticity in the DG [11,12], and increasing hippo-
campal function in parallel [1]. Other studies have interestingly reported that the new neurons
generated in response to exercise are integrated into functional hippocampal circuitry that
could respond to exercise as well as spatial learning and memory at five to seven weeks [27,28].
These finding suggest that at least over four weeks of exercise training and the exercise-induced
production of new neurons play an important role in enhancing spatial memory, and require
the investigation of AHN in our six-week exercise model [5]. Considering that six weeks of IE
increased plasma CORT levels compared to the sedentary control [5], the six weeks of ME, but
not of IE, may increase the AHN, especially the number of mature neurons that contribute to
the improvement of the spatial memory.
In addition, numerous factors are assumed to be potential regulators of ME-induced in-
creases in AHN. For example, our past study revealed that ME-induced AHN is promoted
through androgenic mediation [23]. In contrast, other researchers have shown that brain-de-
rived neurotrophic factor (BDNF), insulin growth factor (IGF1) and vascular endothelial
growth factor (VEGF), and their respective signaling pathways seem to be of special impor-
tance in regulating exercise-induced AHN. BDNF up-regulation following exercise is associat-
ed with a robust activation of survival pathways to enhance AHN [4,29,30]. Circulatory IGF1
or VEGF have also been reported as essential factors in exercise-induced AHN [31–33]. Other
factors, such as progranulin [34], steroids (glucocorticoid [35]), morphogens (Wnt [36]) and
neurotransmitters (glutamate [37], neuropeptide Y [38] and beta-endorphin [39]), have also
been assumed to be involved in these adaptations. Collectively, this evidence suggests that exer-
cise promotes AHN through a complex regulatory mechanism, and numerous factors, includ-
ing androgen, are potentially involved in ME-induced AHN.
To achieve a deeper insight into the complex molecular mechanism, a comprehensive omics
approach, such as the genome-wide transcriptome profiling, would be indispensable. DNAmicro-
array technology is a high-throughput, powerful approach to the rapid screening and quantifica-
tion of differences in gene expression between large groups [40]. Its technical features help us to
systematically realize the complex process of exercise-induced hippocampal gene alteration. Previ-
ous studies have widely used this technology to delineate the spectrum of exercise-inducible gene
expression, and have indicated that exercise, especially voluntary exercise, initiates the expression
of genes related to synaptic and protein trafficking, the glutamatergic system, neural structure,
neurotrophins and neuropeptides [41–44]. While these include genes unrelated to AHN, data in-
terpretation focused on AHN-related genes, such as Burger’s study [45], provides insight into the
hierarchical importance of genes and signaling pathways associated with exercise-induced AHN.
Hence, the aim of this paper is to explore the mechanisms behind why ME is more suitable
than IE for enhancing spatial memory in six-week of treadmill running training model. To do
so, we investigated the exercise intensity-dependent change in the AHN and in the hippocam-
pal transcriptome genome-wide using the previous model. We first checked the plasma CORT
levels, and tested the hypothesis that ME, but not IE, could enhance AHN, especially the num-
ber of new mature neurons, compared with a sedentary control group. Finally, the ME- and IE-
related gene alterations potentially linked with AHN was delineated using a rat whole genome
4 × 44 K Agilent DNA microarray chip.
Materials and Methods
Animals and ethics statement
Eleven-week-old male Wistar rats (220–270 g; Japan SLC) were housed in polycarbonate steel
cages with a 12-h light/dark schedule (lights on at 7:00 a.m.) and given ad libitum access to
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food and water. A total of 44 rats were used in this study to assess the influence of exercise in-
tensity on AHN (n = 22) and hippocampal transcriptome by DNAmicroarray (n = 22). All an-
imal care and experimental procedures were performed in accordance with protocols approved
by the University of Tsukuba Animal Experiment Committee, based on the National Institute
of Health (NIH) Guidelines for the Care and Use of Laboratory Animals (NIH publication, re-
vised 1996). Every effort was made to minimize animal suffering and to reduce the number of
animals used in this study. To adapt to the rearing environment and the experimenter, and re-
move any unintended stress effects, animals underwent a week of preliminary rearing to ambi-
ent conditions with gentle handling in group housing (2–3 rats/cage).
Exercise training procedure
The apparatus and training protocol were similar to those previously described [5]. Briefly,
after preliminary rearing, the animals were randomly divided into three groups, which were
based on LT for treadmill running [6,7]: sedentary control (CONT, at rest on the treadmill),
mild exercise (ME, below LT, 15 m/min) and intense exercise (IE, above LT, 40 m/min) with
no incline. Exercise groups were habituated to treadmill (KN-73; Natsume) running for one
(ME) or four (IE) weeks by using slight electric shocks. Within their respective habituation pe-
riods, rats were able to run at the appropriate speeds even when the electric grid was turned off.
It is to be noted that the ME rats were assigned the exercise training without electrical stimula-
tion excluding the one-week of running habituation, as shown in our previous study [8]. Cer-
tain IE rats, on the other hand, sometimes refused to run at the set treadmill speed after the
running habituation period, and if so, further foot shocks were sparingly given to them to moti-
vate their running. To minimize any stress derived from the shocks that might have hindered
any of the beneficial physiologic effects induced by exercise; any given electric shock was limit-
ed to< 1 sec duration when rats did not restart the running with a gentle tail touch. It is to be
noted that any of those shocks were limited to within the adaptable range [46,47], and the ac-
ceptable range [48,49] of the amount of electrical shocks to avoid any further non-specific
stress. Among the 16 IE rats, four rats that refused to run were finally excluded, as shown previ-
ously [50]. AHN-group rats were injected intraperitoneally with 5-bromo-2'-deoxyuridine
(BrdU; Nacalai Tesque) (100 mg/kg BW) once a day for three consecutive days at the onset of
running habituation. All rats trained for 6 weeks in total including the habituation period. Ani-
mals ran for 60 min/day (except for the first day, on which they ran for 30 min), five times/
week between 19:00 and 22:00 (during the dark phase). The daily running time included a
warm-up phase to prepare rats for running at the set speed. The protocol was exactly as de-
scribed in a previous study [5], and is delineated in S1 Table. Physical condition and body
weight were monitored until the end of the training period. If rats exhibited poor health or did
not vigorously run at their determined speed, they were excluded from the study. Two days
after the last training session, rats were advanced to the next step of the experiment.
Tissue preparation
In the AHN group, rats were anaesthetized with a lethal volume of sodium pentobarbital, and
transcardially perfused with 0.9% saline followed by 4% paraformaldehyde (PFA) in 0.1 M
phosphate buffer. Brains were removed, fixed overnight in PFA and then transferred to 20%
sucrose at 4°C. Coronal sections of 50 μm were serially cut through the entire rostral caudal
extent of dentate gyrus (DG) (-1.5 to -6.5 mm from bregma) using a cryostat (HM505E;
MICROM), and stored at -30°C until they were processed for antibody reaction.
In the microarray group, immediately after decapitation, trunk blood was quickly sampled
to measure physiological stress levels based on plasma CORT, and the whole brain of each
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animal was rapidly removed. The hippocampus was separated from the brain on ice according
to the method by Hori et al. [51], and immediately flash-frozen in liquid nitrogen. The proce-
dures were performed in the morning (08:00–11:00). The deep-frozen hippocampus was then
transferred to a pre-chilled (in liquid nitrogen) mortar and pestle, and ground to a very fine
powder with liquid nitrogen. The trunk blood and the powdered samples were stored in ali-
quots at -80°C until further analysis.
Plasma corticosterone measurement
Plasma CORT levels were measured with radioimmunoassay as described previously [52,53].
For competitive binding, we utilized [3H]-CORT (Tokyo Chemical Industry) and anti-cortico-
sterone antibody (Cosmo Bio). After 16 hours, anti-CORT bound CORT was separated from
unbound CORT by adding 500 μl of Dextran-coated charcoal. The samples were centrifuged at
4°C (3,000 rpm, 10 min) and immediately transferred to scintillation vials filled with 4 ml of a
liquid scintillation cocktail (Clear-sol II; Nacalai Tesque). The vials were briefly shaken fol-
lowed by a count of the CORT concentration with a LS6000 Beckman scintillation counter
(Beckman Coulter). The detection limit of the CORT assay was 0.2 ng/dl. The inter-assay coef-
ficients in the variation of CORT were 12%. Final plasma CORT concentration was determined
by the average of its duplicate concentrations.
Immunohistochemical and stereological analysis of AHN
Immunohistochemical staining and stereological counting of the antibody-labeled cells was
carried out as described previously [23]. Briefly, the target cells were stained with appropriate
antibodies on every 10th unilateral section (10–11 sections per rat), and the immunolabeled
cells in the subgranular zone (SGZ) and the granule cell layer (GCL) of the DG were counted
[33,54]. Based on this number, the total number of labelled cells was calculated by multiplica-
tion of the mean cell density in all sections by the total DG volume. The total DG volume was
estimated by multiplying surface area of DG (SGZ and GCL) by thickness of the section
(50 μm) following the Cavalieri method [55]. The surface area was made visible with Nissl
staining, and quantified using the image analysis software ImageJ ver. 1.44 (NIH, http://rsb.
info.nih.gov/ij). For immunohistochemical staining, a 1-in-10 series of sections was randomly
selected, and preincubated in 0.1 M phosphate buffer containing 1% Triton X-100 (PBT). The
free-floating slices were incubated in 2 N HCl at 37°C for 30 min to denature the DNA, and
then soaked with 2% (vol/vol) normal donkey serum in PBT (2% NDS-PBT) for 30 min to
block nonspecific binding of antibodies. The slices were then well rinsed with PBT, and incu-
bated for 2 d at 4°C with the primary antibodies diluted with 2% NDS-PBT containing 1%
BSA. Rat anti-BrdU (AbD Serotec; 1: 500), a newly born cell marker, and mouse anti-NeuN
(Chemicon; 1:500), a mature neuron marker, were used as the primary antibodies. After wash-
ing the primary antibody with PBT, the slices were incubated to visualize the antigens for 24 h
at 4°C with secondary antibodies as follows: Cy3-conjugated donkey anti-rat IgG (Jackson
ImmunoResearch Laboratories; 1: 500), and AMCA or Alexa Fluor 488 conjugated donkey
anti-mouse IgG (Jackson ImmunoResearch Laboratories; 1: 250 or Life Technologies; 1: 500).
Another series of sections were rinsed in PBT, and then soaked in PBT containing 0.3% H2O2
for 30 min to quench endogenous peroxidase activity. The sections were well washed with
PBT, and incubated with blocking solution containing 2% (vol/vol) normal goat serum in PBT
(2% NGS-PBT) for 60 min. The sections were then incubated in rabbit anti-Ki67 primary anti-
body (Abcam; 1:1000), a marker of cells undergoing cell cycle activation, diluted with 2%
NGS-PBT for 24 h at 4°C. After incubation, the antigens were visualized using a modified avi-
din-biotin-peroxidase complex (ABC) method, as described previously [8]. With the ABC
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method, the sections incubated in biotinylated rabbit IgG (1:200; Vectastain Elite ABC Kit,
Vector Laboratories) diluted with 2% NGS-PBT for 2 h. The sections were then well rinsed in
PBT, and soaked with ABC solution (1:50; Vectastain Elite ABC Kit) for 90 min following
manufacturer’s instructions. After rinsing with PBT and 0.1 M acetate buffer, the antigens were
rendered visible using a solution of 0.025% 3,3-diaminobenzidine tetrahydro- chloride, 0.08%
ammonium chloride, 0.4% glucose, and 0.03% glucose oxidase (10,000 IU) in PBT for 5–10
min at room temperature. Finally, the sections were stained using Nissl staining to identify the
DG area. For Nissl staining, the series of brain slices were mounted on gelatin-coated slides
and air-dried. The dried sections were stained with toluidine blue, dehydrated in a graded etha-
nol series (60–100%), delipidated in xylene, and coverslipped with Mount-Quick (Daido San-
gyo). The cellular populations of proliferating cells (DAB-labeled Ki-67+ cells), surviving cells
(BrdU+ cells), and newborn mature neurons (BrdU+/NeuN+ cells) throughout the DG were
counted in unilateral sections using an optical microscope (DMRB; Leica).
DNAmicroarray analysis
Total RNA was extracted from each powdered hippocampal sample (~50 mg) using the QIA-
GEN RNeasy Mini Kit (QIAGEN). To verify the quality of this RNA, the yield and purity were
determined spectrophotometrically (NanoPhotomater; IMPLEN) and visually confirmed using
formaldehyde gel electrophoresis. We only used samples with a ratio of spectrophotometric ab-
sorbance of 260 nm to 230 nm (A260/A230) or to 280 nm (A260/A280) above 1.8 (S2 Table). In
each experimental group, an equal amount of RNA (1000 ng) from five randomly chosen rats
was pooled and used for DNAmicroarray analysis. Total RNA (1000 ng) was labeled with ei-
ther Cy3 or Cy5 dye using an Agilent Low RNA Input Fluorescent Linear Amplification Kit
(Agilent Technologies). Fluorescently labeled targets of control as well as treated samples were
hybridized to the same microarray slide with 60-mer probes (4 x 44K rat whole genome,
G4131F, in total 41,090 gene probes, Agilent). A flip labeling (dye-swap or reverse labeling
with Cy3 and Cy5 dyes) procedure followed to nullify the dye bias associated with unequal in-
corporation of the two Cy dyes into cDNA [51]. The use of a dye-swap approach provided a
more stringent selection condition for changed gene expression profiling than a simple single-
or two-color approach. Hybridization and wash processes were performed according to the
manufacturer’s instructions, and hybridized microarrays were scanned using an Agilent micro-
array scanner G2565BA. For the detection of significantly differentially expressed genes be-
tween control and exercise samples each slide image was processed with Agilent Feature
Extraction software (version 9.5.3.1). Briefly, (1) this programmeasured Cy3 and Cy5 signal in-
tensities of whole probes; (2) dye-bias tends to be signal intensity dependent, and therefore the
software selected probes using a set-by-rank consistency filter for dye normalization; (3) nor-
malization was performed by LOWESS (locally weighted linear regression), which calculates
the log ratio of dye-normalized Cy3 and Cy5 signals, as well as the final error of the log ratio;
(4) the significance (P) value was based on the propagate error and universal error models; (5)
the threshold of significance for differentially expressed genes was<0.01 (for the confidence
that the feature was not differentially expressed); and (6) erroneous data generated owing to ar-
tifacts were eliminated before data analysis using the software. The outputs of microarray anal-
ysis used in this study are available under the series number GSE 45813 at the NCBI Gene
Expression Omnibus (GEO) public functional genomics data repository (https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE45813).
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Confirmatory reverse transcriptase-polymerase chain reaction
To confirm the microarray data, reverse transcriptase polymerase chain reaction (RT-PCR), an
accepted method for validating microarray results in the neuroscience field [56–59], was ap-
plied to randomly up- and down-regulated genes using 3`-UTR specific gene primers (S3
Table). Briefly, total RNA samples were first DNase-treated with RNase-free DNase (QIAGEN,
Maryland). The reaction mixture contained 0.6 μl of the first-strand cDNA, 50 pmols of each
primer set and 6.0 μl of the Emerald Amp PCR Master Mix (2X premix) (Takara Shuzo) in a
total volume of 12 μl with sterile water supplied in the kit. Thermal-cycling (C1000 Thermal
Cycler; Bio-Rad Laboratories) parameters were as follows: after an initial denaturation at 97°C
for 5 min, samples were subjected to a cycling regime of 20 to 40 cycles at 95°C for 45 s, 55°C
for 45 s, and 72°C for 1 min. At the end of the final cycle, an additional extension step was car-
ried out for 10 min at 72°C. After completion of the PCR, the total reaction mixture was mixed,
spun down, and loaded into wells of a 1.8% agarose gel (Nacalai Tesque). Electrophoresis was
then performed for 22 min at 100 volts in 1X TAE buffer using a Mupid-ex electrophoresis sys-
tem (ADVANCE). The gels were stained (8 μl of 10 mg/ml ethidium bromide in 200 ml 1X
TAE buffer) for 7 min, and the stained bands were visualized using an UV-transilluminator
(LAS-4000 mini; Fujifilm Life Science).
Ingenuity Pathways Analysis
The functional and network analyses were generated through the use of IPA (Ingenuity Sys-
tems, www.ingenuity.com). The data set from the microarray, which was made up of the differ-
entially expressed (≧/≦ 1.5/0.75-fold compared to CONT) genes, and the corresponding fold
change values were uploaded as an Excel spreadsheet to the IPA tool. To create gene networks,
the genes were overlaid onto a global molecular network developed from information con-
tained in the Ingenuity Knowledge Base. The functional analysis identified the biological func-
tions and/or diseases that were most significant to the data set (p<0.05) according to a right-
tailed Fisher’s exact test.
Statistical analysis
Data are expressed as mean ± SE. AHN data were compared using one-way ANOVA for com-
parisons between all groups using SPSS Statistical Package (SPSS). The Tukey method was ap-
plied for all other data as post-hoc analysis. Differences were considered statistically significant
at p<0.05 by SPSS.
Results
Effect of exercise training on body weight and physiological stress level
We first confirmed the body weight at the end of the training period for each group. ME
(328.4 ± 4.45) and IE (315.8 ± 4.51) rats had significantly reduced body weights compared to
CONT (348.8 ± 4.83; F (2,33) = 13.16, p<0.05), with no significant differences between the two
exercise groups. Next, physiological stress levels were determined by examining changes in
plasma CORT concentrations (ng/ml). The plasma CORT was significantly increased with IE
(163.72 ± 38.03; F (2,12) = 11.72, p<0.05) compared to CONT (12.05 ± 2.65) and ME
(40.45 ± 14.45), with no significant differences between ME and CONT (Fig 1).
Adult hippocampal neurogenesis evaluation
A significant increase of DG volume was found in both exercise groups (ME: 2.37 ± 0.06; IE:
2.39 ± 0.06) compared with CONT (2.13 ± 0.08) regardless of intensity (F (2,18) = 4.96,
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p<0.05) (Fig 2A). Similarly, the number of Ki-67+ cells in the exercise groups (ME: 2852.7 ±
165.8; IE: 2742.4 ± 153.5; F (2,18) = 7.35, p<0.01) was significantly higher than that in the
CONT group (2084.6 ± 139.1), with no significant difference between the two exercise intensi-
ties (Fig 2B). Conversely, exercise-intensity-dependent regulation was found in the total num-
ber of BrdU+ (F (2,18) = 4.82, p<0.05; Fig 2C) and BrdU+/NeuN+ (F (2,18) = 7.77, p<0.01;
Fig 2D) cells. Further comparison with CONT (BrdU+: 3898.6 ± 300.9; BrdU+/NeuN+:
2691.4 ± 200.9) revealed that the cell numbers significantly increased in the ME group
(BrdU+: 5775.1 ± 482.4; BrdU+/NeuN+: 4595.0 ± 438.3), but not in the IE group (BrdU+:
5343.9 ± 527.2; BrdU+/NeuN+: 3685.2 ± 342.6). The significant differences were not found be-
tween both exercise groups in the number of these cells (Fig 2C and 2D). For the BrdU+/NeuN-
cell numbers, there was no significant difference between any groups (CONT: 1207.2 ± 164.5;
ME: 1180.0 ± 78.0; IE: 1675.1 ± 311.0; F (2,18) = 1.79, p = 0.20) (data not shown).
Overview of the hippocampal transcriptome
Of 41,090 genes, more genes were regulated with ME (604 genes) than with IE (415 genes), and
only 41 genes were commonly regulated with both exercise intensities (Fig 3A). The commonly
regulated genes were composed of 11 oppositely regulated genes, 12 up-regulated genes and 18
down-regulated genes. Accordingly, 563 (up-regulated (up): 299, down-regulated (down): 264)
and 374 (up: 159, down: 215) genes were specific to ME and IE, respectively (Fig 3B and 3C). It
should be noted that the previously identified potential mediators (e.g., BDNF, IGF1, and
VEGF) of exercise-induced neuronal change in the hippocampus were not identified in the
gene sets from the present study. For detailed information on the changed gene expression
Fig 1. Exercise training effect on plasma corticosterone under different intensities of exercise. Effects
of mild exercise (ME) or intense exercise (IE) on plasma corticosterone. Values are expressed as mean ± SE
(n = 5). **p<0.01 compared to sedentary control (CONT) rats. ##p<0.01 compared to ME rats. Data were
analyzed using a one-way ANOVA, followed by Tukey comparison post-hoc tests.
doi:10.1371/journal.pone.0128720.g001
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profiles, readers are referred to the total gene expression data files at the NCBI GEO data repos-
itory (GSE 45813), submitted as part of this publication.
Confirmation of gene expression
To confirm the alterations in gene expression revealed with DNAmicroarray, 13 genes with
annotated functions were randomly selected for RT-PCR analysis (as listed in S3 Table). These
genes were selected for being potential factors in the regulation of hippocampal plasticity or be-
cause they were highly up-regulated or down-regulated with ME or IE. The mRNA expression
profiles confirmed by RT-PCR (Fig 4) demonstrated that the DNA microarray data could be
validated using appropriately designed primers and RT-PCR.
Biological function of genes annotation with Ingenuity Pathway Analysis
When data is uploaded from the microarray for IPA, genes of which the detailed function re-
mains unknown are excluded. In our case, the IPA narrowed down the genes detected by mi-
croarray to 231 (up: 129, down: 102) and 166 (up: 78, down: 88) for ME (S4 Table) and IE (S5
Table), respectively. A functional annotation of the genes is summarized in Table 1. The top
three gene networks were also constructed on the basis of the known functions and intercon-
nectivity of altered genes (Figs 5 and 6). In addition, we analyzed the molecular connection be-
tween each gene based on previous literature to gain further insight in order to characterize the
molecular behavior regulating AHN with ME (Fig 7; IE data not shown).
Although genes regulated with ME were associated with a wide range of functions (Table 1),
the majority were related to protein synthesis, lipid metabolism, molecular transport and the
Fig 2. Hippocampal neuroanatomical changes induced by different intensities of exercise. Effects of mild exercise (ME) or intense exercise (IE) on
hippocampal DG volume (A), the number of Ki-67+ cells (marker of neuronal progenitor proliferation) (B), BrdU positive cells (marker of cell survival) (C) and
BrdU+/NeuN+ cells (marker of newly generate matured neurons) (D). Representative photograph of the dentate gyrus (DG) from each group single-stained
for Ki-67 (brown), or double-stained for BrdU (red) and NeuN (green) (E). Values are expressed as mean ± SE (n = 7). * p<0.05; ** p<0.01 compared to
sedentary control (CONT) rats. There is no significant difference between both exercise groups in all items. Data were analyzed using a one-way ANOVA,
followed by Tukey comparison post-hoc tests.
doi:10.1371/journal.pone.0128720.g002
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endocrine system. This trend was markedly reflected in the top three modified gene networks.
For example, the 1st (Fig 5A; score = 41) and 2nd (Fig 5B; score = 26) networks for ME included
these functions. Inflammatory/immune response was also supported by the 2nd and 3rd net-
works (Fig 5C; score = 12). For IE, the majority of genes were related to immune response, pro-
tein synthesis, cellular development and molecular transport supported by the IPA-based
functional classification (Table 1) and the top three modified molecular networks (Fig 6A–6C).
Discussion
In this study, we tested the effect of six weeks of mild (ME) treadmill running training on
CORT level and AHN, and delineated the transcriptomic profile through a comparison with
that of intense (IE) treadmill running training to delineate the mechanism associated with the
reason why ME is more beneficial for improving spatial memory than is IE. Similar to our past
study [5], only IE had the higher CORT level than in the CONT. Immunohistochemical results
found that ME but not IE, enhanced AHN, especially the promotion of neuronal maturation of
newly born cells. DNA microarray analysis showed that ME altered some novel AHN regula-
tors, which are related to lipid metabolism (APOE), protein synthesis (IGF2, IRS1) and inflam-
matory response (IL1B, TNF). In contrast, these transcriptomic features were not confirmed in
IE. These results support the hypothesis that effective improvement of AHN is caused by only
long-term of ME having almost no running stress, and reveal a gene inventory that will aid in
unraveling the molecular pathway involved in ME-induced adaptations.
Fig 3. Venn diagram of differentially expressed genes in each condition. The total number of genes
modified by ME (gray circles) and IE (white circles) (A), or up- (B) and down- (C) regulated genes in each
condition are shown as Venn diagrams. The number in each circle indicates the selection of genes from the
total microarray datasets within a defined fold range of greater than 1.5-fold and less than 0.75-fold versus
sedentary (CONT).
doi:10.1371/journal.pone.0128720.g003
Exercise Intensity-Dependent Hippocampal Neurogenesis and Gene Profile
PLOS ONE | DOI:10.1371/journal.pone.0128720 June 10, 2015 10 / 25
Exercise-intensity-dependent effects on body weight, plasma
corticosterone and hippocampal neurogenesis
Our initial findings confirmed that body weight decreased with exercise regardless of its inten-
sity (see results section), and that IE, but not ME, led to elevated CORT levels compared with
CONT (Fig 1). The result is in agreement with our previous study showing that ME improves
spatial memory without the influence of the exercise stress that accompanies IE [5]. In both
studies, the exercised rats were habituated to the treadmill running at respective intensities
using the electric shock, and rats trained almost spontaneously without the shocks after the ha-
bituation, as also shown in our previous studies [8,50]. The bad runners – an unsuited individ-
ual for intensity dependent change in AHN and hippocampal transcriptome – were excluded
basing on the studies [8,50] in this case. Forced treadmill running exercise has been generally
considered as a treatment that includes some stress because of studies indicating that the exer-
cise, rather than voluntary exercise using running wheel, caused an increase in the CORT level
in the serum [60,61]. In contrast, our study showed no change in the CORT level under ME.
This result suggests that ME training in treadmill can be an exercise model barely containing
the running stress but also that the potential adverse impact derived from the forcible manner
of running and the shock could be mostly, but not completely, negated under the condition. It
should be noted that even wheel running sometimes causes adrenal hypertrophy and hypercor-
ticosteronemia [25], implying, “Exercise is accompanied by stress”; any of exercise includes
some stress in its beneficial effects. Exercise stress can be of two types. One is specific probably
Fig 4. ThemRNA expression profiles of 13 differentially expressed genes. Semi-quantitative RT-PCR validation of genes up- or down-regulated with
ME or IE in the hippocampus. Each column indicates ME (black columns) or IE (gray columns), respectively. For each gene, the expression change is
represented as the fold change in ME or IE relative to CONT. RT-PCR was performed as described in the Methods and the primers are detailed in S2 Table.
Gel images on right-side show the PCR product bands stained with ethidium bromide.
doi:10.1371/journal.pone.0128720.g004
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via in part by the afferent signals from contracting muscles, tendon and joints. The other is
non-specific caused by the environment, initial electrical shocks and emotional stressors, and
so on. Thereby, chronic exercise manner or a certain term of running habituation would be
fruitful in order to maximize positively the physiological effects, while minimizing the negative
(non-specific) stress, through the successful stress adaptations suggested by Selye [62]. Indeed,
in our earlier study for establishing the running stress model on the treadmill, we used the rats
who learned running for a week, and successfully determined exercise with and without in-
crease in lactate and stress hormones as a mild and moderate intensity exercise, based on the
LT [8]. Moderate intensity was determined at 25 m/min for rats, and furthermore, we called it
as just above the LT. This study has employed a more hard intensity (40 m/min) in IE training
to highlight the effects of moderate intense exercise, and demonstrated that the exercise can be
definitely considered a stressful condition as shown by the hypercorticosteronemia. Since the
IE rats received a slight amount of additional electric shocks to keep their motivation for run-
ning comparing with the ME rats (see details in the Materials and Methods section), the fact
that they might have been exposed to a greater stress associated with the shock cannot be ruled
out. However, the gentle handling, a potential strategy to prevent the prolongation of the
shock-induced stress [49,63], in the preliminary rearing, and our careful and slight use of the
shocks in accordance with previous studies [48–50] should minimize or counteract the stress
to the level that has little effect on the result. Interestingly enough, past data highly support the
fact that rats continuously exposed to escapable, but not inescapable, electric shock can adapt
Table 1. Top five gene functionsmodified with mild exercise (ME) or intense exercise (IE).
ME IE
Disease and Disorders
Cardiovascular Disease (39) Renal and Urological Disease (29)
Organismal Injury and Abnormalities (47) Organismal Injury and Abnormalities (40)
Renal and Urological Disease (8) Cardiovascular Disease (41)
Cancer (89) Connective Tissue Disorders (32)
Inﬂammatory Response (43) Immunological Disease (30)
Molecular and Cellular Functions
Lipid Metabolism (64) Lipid Metabolism (30)
Small Molecule Biochemistry (73) Molecular Transport (29)
Vitamin and Mineral Metabolism (43) Small Molecule Biochemistry (40)
Drug Metabolism (25) Cell-To-Cell Signaling and Interaction (47)
Molecular Transport (61) Cellular Movement (26)
Physiological System Development and Function
Endocrine System Development and Function (38) Cardiovascular System Development and Function
(40)
Embryonic Development (39) Connective Tissue Development and Function (24)
Organ Development (38) Embryonic Development (46)
Organismal Development (54) Organ Development (40)
Reproductive System Development and Function
(32)
Organismal Development (48)
Top 5 functional categories signiﬁcantly altered (p<0.05) by each microarray combination. The number in
parentheses is the gene number classiﬁed into the category. Mild exercise (ME): categories changed by
mild-intensity exercise, Intense exercise (IE): categories changed by high-intensity exercise. The groups
derived from Ingenuity Pathway Analysis (IPA) are categorized into disease and disorders, molecular
functions and physiological system development and function.
doi:10.1371/journal.pone.0128720.t001
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Fig 5. The top three gene-networks in response to mild exercise. Network analyses of the genes whose
expression was modified with ME vs CONT are shown. Major functions of the networks are indicated in 1st
(A), 2nd (B) and 3rd (C) network. The score is the negative log of the p value and signifies the possibility of
network-eligible genes within a network being clustered together as a result of chance. The biological
relationship between two genes is represented as an edge (line), which is supported by at least one reference
from the literature or a textbook. The intensity of the node color indicates the degree of up- (red) or down-
(green) regulation. Nodes are displayed using various shapes that represent the functional class of the
gene product.
doi:10.1371/journal.pone.0128720.g005
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or cope the stressor with no excessive secretion of stress hormone even when the shock is great-
er than our case [46,47]. The shock in treadmill exercise is avoidable by maintaining the run-
ning unlike with the unescapable box covered shock grid. Hence, even if the IE rats slightly
received the stress effects from the shocks, they could cope with the stressor, and dampen the
aversive effects to the minimal level that have no impact on the stress response. In our previous
study, even in the hard exercise performed for six weeks, there are the beneficial effects of
Fig 6. The top three gene networks in response to intense exercise. Network analyses of the genes
whose expression was modified with IE vs CONT are shown. Major functions of the networks are indicated in
1st (A), 2nd (B) and 3rd (C) network. Details are as indicated in Fig 5.
doi:10.1371/journal.pone.0128720.g006
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exercise training such as increased activity of citrate synthase, a typical oxidative enzyme and a
good indicator for endurance. Taken together, although the forcible exercise-specific stress in-
cluding the beneficial training effects cannot be fully separated from the non-specific stress,
this study could minimize the interfering effects, and provide an exercise-intensity model hav-
ing different effects vis-à-vis the stress response.
With the current model, we identified that both exercise intensities led to increased DG vol-
ume (Fig 2A) and stimulated cell proliferation (Ki-67+ cells) (Fig 2B). Meanwhile, only ME sig-
nificantly enhanced cell survival (BrdU+ cells) and neuronal maturation (BrdU+/NeuN+ cells)
(Fig 2C and 2D). The range of results for total DG volumes (2.1 to 2.4 mm3) is similar to results
from previous rat studies [64,65], and the total number of newborn cells in the whole DG was
estimated by multiplying the total DG volume by the mean cell density in all sections. Thus, we
believe that these data should be highly reliable and valid. These results suggest that ME, rather
than IE, effectively boosts AHN throughout the maturation stage. A past study from Grégoire
and co-workers has shown that exercise could stimulate all stages of AHN independently of the
Fig 7. Hypothetical pathway related to ME-enhanced hippocampal function via AHN.Genes regulated by MEmapped to the pre-existing signaling
pathway based on IPA-modified gene networks and previous literature. The names of up-regulated genes are written in white characters on a black
background, those of down-regulated genes are written in black characters on a gray background, and those of unaltered genes are written in black
characters on a white background. The genes and pathways related to lipid metabolism (cholesterol-trafficking), protein synthesis and inflammatory
response that were up-regulated by MEmight be a key to the process of enhancing hippocampal function through increased AHN.
doi:10.1371/journal.pone.0128720.g007
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effects of other variables, such as environmental complexity and social context [66], and thus
support our result with ME. Most importantly, these results are the first findings for a six-
week, rather than two-week [23], exercise model.
Interestingly enough, the number of BrdU+ and BrdU+/NeuN+ cells in IE has no difference
from that in CONT and in ME (Fig 2C and 2D). The result does not significantly recognize the
IE-dependent effects on AHN, but implies an intermediate effect of IE on cell survival and neu-
ronal maturation. Past studies have intensively investigated the influence of stress or CORT
level on AHN, and reported that chronic stress suppresses AHN through the action of CORT
[67], and have negative impact on hippocampal-dependent function, such as the induction of
memory loss and depression-like behavior [68–71]. Given that IE is stressful condition in the
presence of hypercorticosteronemia (Fig 1), as with the case of these studies, the IE condition-
derived stress may exert an inhibiting effect on AHN, resulting in the suppression of exercise-
induced AHN to the intermediate level. Specifically, most newly born cells may die or differen-
tiate into astrocytes due to the negative effects of stress resulting from IE as not only ME but
also IE significantly enhanced the cell proliferation (Fig 2B). As contrasted with the AHNmod-
ification by stress, stress response and stress-triggered behavioral impairment are regulated
with the degree of AHN [72]. Furthermore, exercise having AHN-enhancing effects has been
used as a strategy for encountering the stress-related deleterious effects, despite being open to
debate [66]. Numerous studies have actually shown that continuous exercise training recovers
the decrease in AHN, attenuates the depression-like behavior, and restores the MWM task per-
formance to normal level after chronic stress or CORT-treatment [69–71]. These findings lead
us to further hypothesis that IE may activate the stress response, and accelerate its dependent
adverse impact through the suppression of AHN instead of enhancing stress tolerance. Howev-
er, if the IE rats adapted to the intensity, resulting in the negation of stress effects, during a lon-
ger period of training, even the heavy exercise might increase the AHN to almost the same
level as ME.
The exercise-intensity dependent regulation of AHN is supported by our recent study [23]
and previous findings showing that he ME-like light exercise enhances AHN [73], while the
IE-like exercise does not alter AHN [74]. Considering the fact that mature neurons with unique
features of the morphology and the electrical activity are a possible contributor in memory for-
mation [11–18] and that exercise, which increases the number of new mature neurons, im-
proves spatial memory but not spatial learning [4], the increased number of surviving neurons
by ME (Fig 2D) could plausibly lead to improved spatial memory. Further study to define the
relationship between ME-induced changes in AHN and in spatial memory is required.
Overview of the hippocampal transcriptome for ME and IE
We next compared the intensity-dependent gene expression profile of the hippocampus by
performing a whole-genome DNAmicroarray in order to obtain new molecular insight of ME-
induced increases in AHN. Results showed that a larger number of genes were differentially ex-
pressed with ME than with IE compared to an appropriate control (Fig 3). Interestingly, the
gene inventory did not contain well-known AHN-related regulators in exercise such BDNF,
IGF1 and VEGF [4,29,30–33]. Although a clear explanation of this result is difficult, the rea-
sons may be associated with the difference in timing of the collection of hippocampal tissue
after exercise, and the technical features of microarray analysis. In this study, we analyzed gene
expression using microarrays two days after the last training session in order to observe the ef-
fects of chronic exercise on the hippocampal transcriptome without the influence of acute exer-
cise effects. It should be noted that Huang et al. (2006) examined the effects of four weeks of
treadmill exercise on the expression of BDNF in the rat hippocampus, and found that the
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BDNF synthesis was up-regulated 2 hours, but not 2 days, after the last training session [75].
The study indicated that exercise training could acutely enhance hippocampal BDNF synthesis,
whilst the effects disappeared within 2 days; this strongly supports our microarray results, and
suggests that ME may also increase BDNF synthesis at an earlier time point after the last train-
ing session. In addition, as microarray data reflected the transcriptomic changes in the hippo-
campus, it may be reasonable that IGF1 and VEGF, reported as essential mediators of exercise-
induced AHN [31,32], are not included in our results due to their peripheral nature. However,
that they remain unidentified in this study does not give us leave to ignore the contribution of
these postulated factors in regulation of AHN with ME. In fact, ME-dependent gene induction
of IRS1 (Fig 5A and S4 Table), a primary cytosolic substrate of both insulin and IGF1 receptors
[76], indicates the possibility that upstream factors, such as IGF1, may affect the gene alteration
resulting fromME.
Features of transcriptomic changes for each exercise intensity
Functional and network analysis of microarray data indicates that each exercise intensity con-
trols a gene cluster with an individual function (Figs 5 and 6, Table 1). For example, the top
three gene networks of ME inferred by IPA showed that the ME modulated lipid metabolism,
protein synthesis, molecular transport, and inflammatory/immune response. Conversely, IE
regulated immune response, protein synthesis, cellular development, and molecular transport.
While the relationship between exercise and hippocampal lipid metabolism is not yet well un-
derstood, some studies have suggested that exercise increases the rate of protein synthesis in
the hippocampus [77], and that exercise [78] or chronic stress [79], which could also apply to
IE-induced exercise stress, reduces or worsens inflammation and immune response, respective-
ly. These facts support our results showing that genes associated with these functions were
modified by ME or IE, respectively. To accomplish our goal in using DNA microarray, we sub-
sequently focused on the process, networks and specific genes associated with AHN. Some of
the noticeable gene alterations that we identified are discussed below according to their respec-
tive functions.
Lipid metabolism and molecular transport. ME significantly modulated the lipid metab-
olism-related genes including two crucial transporters of cholesterol (APOE) and fatty acid
(FA) (CD36), which were found to be up-regulated (Fig 5A), whereas this process was not sig-
nificant in IE. In the central nervous system (CNS), cholesterol is a major structural component
of membranes and myelin sheaths [80]. Additionally, previous studies have shown that choles-
terol in neurons becomes an important source for neuroplastic development and for the bio-
genesis of steroid hormones [80,81]. The major source of cholesterol in the CNS is de novo
synthesis from astrocytes, but not circulation [80], and cholesterol transport to neurons is con-
trolled with APOE, which is derived mainly from astrocytes in the CNS [82] as well as the hip-
pocampus [83]. In past studies, APOE has been reported as a crucial regulator in the normal
development of AHN [84] and synaptic structural plasticity [85]. Moreover, our current study
identified that ME enhanced the synthesis of hippocampal dihydrotestosterone, which is de-
rived from cholesterol in neurons [86], and increased AHN through androgenic mediation
[23]. These studies indicate that APOE derived from astrocytes might play an important role in
the trafficking of cholesterol, which is a source of ME-induced increased AHN via enhanced
androgen effects, from astrocytes to neurons. In addition to cholesterol, FA, an intracrine or
paracrine neuromodulator of AHN [87], could be associated with the exercise-dependent bene-
ficial effects of improving hippocampal function and AHN. A recent study reported that exer-
cise-induced cognitive gain and enhanced AHN was impaired if the synthesis of FA was
blocked [88]. Though the contribution of CD36 to FA transport remains unclear, the increased
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expression of CD36 gene with ME may serve to increase AHN and cognitive gain by enhancing
the function of FA. Collectively, the induction of cholesterol- and FA-traffic-related genes
(APOE, CD36) by ME might contribute to the exercise-intensity-induced increment in AHN.
Notably, astrocyte-derived APOE might influence androgen synthesis in neurons, resulting in
the increased AHN through the androgenic effect in ME.
Protein synthesis and cellular development. Both exercise intensities appear to principal-
ly regulate protein synthesis, which is highlighted in the 1st and 2nd ME networks (Fig 5A and
5B) and the 1st IE network (Fig 6A). The 1st IE network also reveals an intensity-dependent
modulation of cellular development. With ME, modulation of this process may occur via the
up-regulated IRS1 gene (Fig 5A and S4 Table). Generally, IRS1 stimulated by insulin or IGF1
leads to the induction of a downstream PI3K-Akt or MAPK/ERK signaling cascade, which in-
creases protein synthesis via translational activation to cellular growth [76,89] and promotes
cell survival [90]. In our case, microarray results identified the up-regulation of IGF2 gene ex-
pression (Fig 4 and S4 Table, but not included in the top ME network), an upstream factor of
IRS1 [91,92], and the suppression of MAPK gene expression (Fig 5A) with ME. Hence, the in-
duction of the IRS1 gene might be regulated not only by insulin or IGF1, but also by IGF2, and
may activate PI3K-Akt signaling rather than MAPK/ERK signaling. In the hippocampus, IRS1
is found in neurons [93]. Although whether it is expressed in adult neural stem cells remains
unknown, upstream regulators of IRS1, such as the IGF1 receptor, are located in the stem cells
[33]. Following these findings, protein synthesis and/or cell survival via the induction of the
IRS1 gene might be activated not only in hippocampal neurons but also in the stem cells. In
contrast, IE suppressed the expression of caveolin-1 (CAV1) (Fig 5B and 5C), a structural pro-
tein in membrane lipid rafts that is involved in synaptic development/stabilization and neuro-
nal signaling. Growing evidence demonstrates that CAV1 accelerates NMDA-, BDNF- and
insulin-mediated signaling cascades [94,95]. BDNF signaling is also indispensable for new pro-
tein synthesis [96] and cellular growth [97], thus the suppression of CAV1 by IE might weaken
these processes, resulting in the exercise-dependent effects on AHN being dampened, as seen
in Fig 2C and 2D. Thus, ME-induced AHN could occur with the induction of protein-synthe-
sis-related genes (IGF2, IRS1) in neurons or neural stem cells, while exercise-induced stress,
like that resulting from IE, attenuates positive effects with the down-regulation of the protein-
synthesis- and cellular-development-related gene (CAV1) in the plasma membrane.
Inflammatory and immune response. Current consensus leans toward the idea that the
overall effect of inflammation in the hippocampus is determined by various types of inflamma-
tory cytokines, prostaglandins and neurotrophins, which are mainly secreted from microglia or
astrocytes, and exhibit an inverted U-shaped pattern for neural plasticity and function [79].
Note that this idea is infiltrating the field of study examining the effects of exercise in hippo-
campal neuroplasticity [74]. The current study detected several pro- and anti-inflammatory cy-
tokines with both exercise intensities. For example, ME up-regulated the pro-inflammatory
cytokine IL1B within the 1st network while suppressing the pro-inflammatory cytokine TNF
within the 3rd network (Fig 5A and 5C). It is notable that the excessive activation or blockade
of IL1 signaling causes impairment of memory, whereas a mild activation improves memory
function [98]. Further, TNF has been assumed as a negative regulator of the neuronal differen-
tiation of AHN [99] and hippocampal function [100]. By combining these studies with the
present results for AHN (Fig 2), it becomes evident that the moderate level of pro-inflammato-
ry activation in ME might be related to enhanced hippocampal neuroplasticity including AHN.
Conversely, IE may induce an excessive inflammatory response through the down-regulation
of the anti-inflammatory cytokine IL10, and the up-regulation of the pro-inflammatory cyto-
kine IL1 receptor IL1R1 (Fig 6A). If the suppressed genes with IE could be prevented by modi-
fication of the exercise condition, IE could result in the development of AHN and hippocampal
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function. Taking these results together, we speculate that the degree of hippocampal inflamma-
tory response with each exercise condition, as observed through their respective gene expres-
sion changes, is monitored by microglia or astrocytes and leads to a crucial induction or
inhibition of AHN.
Hypothetical pathways associated with ME-induced hippocampal
neuroadaptations
Based on the top molecular networks (Fig 5) and the published findings on genes confirmed in
this study, here we outline the predictable molecular mechanisms concerned with ME-induced
AHN development that might contribute to cognitive gain (Fig 7). The factors and pathways
associated with cholesterol transport (APOE), protein synthesis (IGF2, IRS1) and inflammato-
ry response (IL1B, TNF) seem to be potential regulators in ME-dependent adaptations. As
mentioned above, with ME, APOE derived from astrocytes might contribute to the biosynthe-
sis of androgen in neurons by supplying the source (cholesterol). Androgen affects stem cells in
the hippocampus and promotes their survival and development, as shown in our previous
study [23]. On the other hand, the up-regulation of protein-synthesis-related genes (IGF2,
IRS1) could potentiate the androgen synthesis in neurons through translational activation of
genes related to the synthetic process and/or contribute toward the cell growth of stem cells by
increasing the relative rate of protein synthesis and cell survival. Moreover, IL1B and TNF
from microglia or astrocytes may cause a moderate inflammatory response in neurons or stem
cells, enhancing AHN and hippocampal function. As stated above, these effects can be poten-
tially affected with well-known regulators such as BDNF and IGF1 (see the section entitled,
“Overview of the hippocampal transcriptome for ME and IE”).
Limitation and future challenges
This study has examined the exercise-intensity-dependent effects on AHN and hippocampal
genome-wide transcriptome in a forced treadmill exercise training model, and indicated the
differences between ME and IE. The model, however, might have certain non-specific stress de-
rived from the electrical shocks for the forcible exercise. Thus, the possibility that the con-
founding factors affect our outcomes presented here cannot be completely negated. In
addition, we have potentially identified some of the contributors involved in ME-induced in-
crement of AHN, and described a hypothetical mechanism focused on these contributors.
However, since the present study could not test the link between the identified contributors
and the ME-induced adaptations, it would be rather premature to define their functional role
in ME, because of methodological complexities. Therefore, subsequent studies will require a
foundation of experimental evidence whether or not these genes is involved with the ME-in-
duced adaptation. Functional genomics approaches such as generation of transgenic animals,
gene knockdown techniques (i.e. siRNA) or pharmacological methods involving use of specific
inhibitors may allow us to perform these new experiments and analyses. Furthermore, it is cru-
cial that, over time, we piece together the validated role of each individual regulator in order to
clarify the main pathway involved in ME-dependent hippocampal adaptations, and the present
results provide one part of that extensive puzzle. These functional approaches to characterizing
the role of genes, including those which we have identified here, will facilitate a deeper under-
standing howME modulates hippocampal neuroadaptation.
Conclusion
In conclusion, our results manifested that six weeks of mild (ME), but not of intense (IE),
treadmill running training with minimizing running stress is effective in enhancing AHN, and
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clarified the ME-specific induction of genes that might have positive effects in regulating AHN.
Notably, genes related to lipid metabolism (APOE), protein synthesis (IGF2, IRS1) and inflam-
matory response (IL1B, TNF) could be important clues for understanding the molecular mech-
anism of ME-enhanced AHN. Although further study is required to examine the relationship
between these findings and hippocampal function, the ME-specific gene inventory is informa-
tion essential to elucidating why ME, but not IE, contributes to improved spatial memory in
our rat model.
Supporting Information
S1 Table. Exercise training protocol.
(XLSX)
S2 Table. Comparison of RNA quality control parameters.
(XLSX)
S3 Table. Primer combinations used for semi-quantitative RT-PCR.
(XLSX)
S4 Table. Complete list of genes uploaded to IPA for ME.
(XLSX)
S5 Table. Complete list of genes uploaded to IPA for IE.
(XLSX)
Acknowledgments
KI greatly appreciates colleagues in Dr. H. Soya’s Laboratory at the University of Tsukuba for
their kind technical assistance and helpful advice.
Author Contributions
Conceived and designed the experiments: KI HS. Performed the experiments: KI MOML TM
JS. Analyzed the data: KI JS HS. Contributed reagents/materials/analysis tools: RR HS. Wrote
the paper: KI MO RR HS.
References
1. van Praag H, Christie BR, Sejnowski TJ, Gage FH. Running enhances neurogenesis, learning, and
long-term potentiation in mice. Proc Natl Acad Sci USA. 1999; 96: 13427–13431. doi: 10.1073/pnas.
96.23.13427 PMID: 10557337
2. Uysal N, Tugyan K, Kayatekin BM, Acikgoz O, Bagriyanik HA, Gonenc S, et al. The effects of regular
aerobic exercise in adolescent period on hippocampal neuron density, apoptosis and spatial memory.
Neurosci Lett. 2005; 383: 241–245. doi: 10.1016/j.neulet.2005.04.054 PMID: 15878799
3. Ang ET, Dawe GS, Wong PT, Moochhala S, Ng YK. Alterations in spatial learning and memory after
forced exercise. Brain Res. 2006; 1113: 186–193. doi: 10.1016/j.brainres.2006.07.023 PMID:
16904660
4. Marlatt MW, Potter MC, Lucassen PJ, van Praag H. Running throughout middle-age improves memo-
ry function, hippocampal neurogenesis, and BDNF levels in female C57BL/6J mice. Dev Neurobiol.
2012; 72: 943–952. doi: 10.1002/dneu.22009 PMID: 22252978
5. Inoue K, Hanaoka Y, Nishijima T, Okamoto M, Chang H, Saito T, et al. Long-term mild exercise train-
ing enhances hippocampus-dependent memory in rats. Int J Sports Med. 2014; 36: 280–285. doi: 10.
1055/s-0034-1390465 PMID: 25429548
6. Soya H. Stress response to exercise and its hypothalamic regulation: role of arginine-vasopressin. In:
Nose H, Gisolfi CV, Imaizumi K, editors. Exercise, Nutrition and Environmental Stress. Mich, USA:
Cooper Publishing Group; 2001. pp. 21–37.
Exercise Intensity-Dependent Hippocampal Neurogenesis and Gene Profile
PLOS ONE | DOI:10.1371/journal.pone.0128720 June 10, 2015 20 / 25
7. Soya H, Mukai A, Deocaris CC, Ohiwa N, Chang H, Nishijima T, et al. Threshold-like pattern of neuro-
nal activation in the hypothalamus during treadmill running: establishment of a minimum running
stress (MRS) rat model. Neurosci Res. 2007; 58: 341–348. doi: 10.1016/j.neures.2007.04.004 PMID:
17524508
8. Saito T, Soya H. Delineation of responsive AVP-containing neurons to running stress in the hypothal-
amus. Am J Physiol Regul Integr Comp Physiol. 2004; 286:R484–R490. doi: 10.1152/ajpregu.00453.
2003 PMID: 14630623
9. Soya H, Okamoto M, Matsui T, Lee M, Inoue K, Nishikawa S, et al. Brain activation via exercise: exer-
cise conditions leading to neuronal activation & hippocampal neurogenesis. J Exer Nutr Biochem.
2011; 15: 1–10. doi: 10.5717/jenb.2011.15.1.1
10. van Praag H. Neurogenesis and exercise: past and future directions. Neuromolecular Med. 2008; 10:
128–140. doi: 10.1007/s12017-008-8028-z PMID: 18286389
11. Patten AR, Sickmann H, Hryciw BN, Kucharsky T, Parton R, Kernick A, et al. Long-term exercise is
needed to enhance synaptic plasticity in the hippocampus. Learn Mem. 2013; 20: 642–647. doi: 10.
1101/lm.030635.113 PMID: 24131795
12. Nishijima T, Kawakami M, Kita I. Long-term exercise is a potent trigger for DeltaFosB induction in the
hippocampus along the dorso-ventral axis. PLoS One. 2013; 8: e81245. doi: 10.1371/journal.pone.
0081245 PMID: 24282574
13. Zhao C, DengW, Gage FH. Mechanisms and functional implications of adult neurogenesis. Cell.
2008; 132: 645–660. doi: 10.1016/j.cell.2008.01.033 PMID: 18295581
14. Ge SY, Sailor KA, Ming GL, Song HJ. Synaptic integration and plasticity of new neurons in the adult
hippocampus. J Physiol. 2008; 586: 3759–3765. doi: 10.1113/jphysiol.2008.155655 PMID: 18499723
15. Duan X, Kang E, Liu CY, Ming GL, Song H. Development of neural stem cell in the adult brain. Curr
Opin Neurobiol. 2008; 18: 108–115. doi: 10.1016/j.conb.2008.04.001 PMID: 18514504
16. Toni N, Laplagne DA, Zhao C, Lombardi G, Ribak CE, Gage FH, et al. Neurons born in the adult den-
tate gyrus form functional synapses with target cells. Nat Neurosci. 2008; 11: 901–907. doi: 10.1038/
nn.2156 PMID: 18622400
17. Zhao C, Teng EM, Summers RG Jr., Ming GL, Gage FH. Distinct morphological stages of dentate
granule neuron maturation in the adult mouse hippocampus. J Neurosci. 2006; 26: 3–11. doi: 10.
1523/JNEUROSCI.3648-05.2006 PMID: 16399667
18. Ge S, Yang CH, Hsu KS, Ming GL, Song H. A critical period for enhanced synaptic plasticity in newly
generated neurons of the adult brain. Neuron. 2007; 54: 559–566. doi: 10.1016/j.neuron.2007.05.002
PMID: 17521569
19. Snyder JS, Choe JS, Clifford MA, Jeurling SI, Hurley P, Brown A, et al. Adult-born hippocampal neu-
rons are more numerous, faster maturing, and more involved in behavior in rats than in mice. J Neu-
rosci. 2009; 29: 14484–14495. doi: 10.1523/JNEUROSCI.1768-09.2009 PMID: 19923282
20. Kee N, Teixeira CM, Wang AH, Frankland PW. Preferential incorporation of adult-generated granule
cells into spatial memory networks in the dentate gyrus. Nat Neurosci. 2007; 10: 355–362. doi: 10.
1038/nn1847 PMID: 17277773
21. Clark PJ, BrzezinskaWJ, Thomas MW, Ryzhenko NA, Toshkov SA, Rhodes JS. Intact neurogenesis
is required for benefits of exercise on spatial memory but not motor performance or contextual fear
conditioning in C57BL/6J mice. Neuroscience. 2008; 155: 1048–1058. doi: 10.1016/j.neuroscience.
2008.06.051 PMID: 18664375
22. Yau SY, So KF. Adult neurogenesis and dendritic remodeling in hippocampal plasticity: which one is
more important? Cell Transplant. 2014; 23: 471–479. doi: 10.3727/096368914X678283 PMID:
24636187
23. Okamoto M, Hojo Y, Inoue K, Matsui T, Kawato S, McEwen BS, et al. Mild exercise increases dihydro-
testosterone in hippocampus providing evidence for androgenic mediation of neurogenesis. Proc Natl
Acad Sci USA. 2012; 109: 13100–13105. doi: 10.1073/pnas.1210023109 PMID: 22807478
24. Buuck RJ, Tharp GD. Effect of chronic exercise on adrenocortical function and structure in the rat. J
Appl Physiol. 1971; 31: 880–883. PMID: 5123668
25. Droste SK, Gesing A, Ulbricht S, Muller MB, Linthorst AC, Reul JM. Effects of long-term voluntary ex-
ercise on the mouse hypothalamic-pituitary-adrenocortical axis. Endocrinology. 2003; 144: 3012–
3023. doi: http://dx.doi.org/10.1210/en.2003-0097 PMID: 12810557
26. Mirescu C, Gould E. Stress and adult neurogenesis. Hippocampus. 2006; 16: 233–238. doi: 10.1002/
hipo.20155 PMID: 16411244
27. Clark PJ, Bhattacharya TK, Miller DS, Kohman RA, DeYoung EK, Rhodes JS. New neurons generat-
ed from running are broadly recruited into neuronal activation associated with three different
Exercise Intensity-Dependent Hippocampal Neurogenesis and Gene Profile
PLOS ONE | DOI:10.1371/journal.pone.0128720 June 10, 2015 21 / 25
hippocampus-involved tasks. Hippocampus. 2012; 22: 1860–1867. doi: 10.1002/hipo.22020 PMID:
22467337
28. Clark PJ, BrzezinskaWJ, Puchalski EK, Krone DA, Rhodes JS. Functional analysis of neurovascular
adaptations to exercise in the dentate gyrus of young adult mice associated with cognitive gain. Hip-
pocampus. 2009; 19: 937–950. doi: 10.1002/hipo.20543 PMID: 19132736
29. Li Y, Luikart BW, Birnbaum S, Chen J, Kwon CH, Kernie SG, et al. TrkB regulates hippocampal neuro-
genesis and governs sensitivity to antidepressive treatment. Neuron. 2008; 59: 399–412. doi: 10.
1016/j.neuron.2008.06.023 PMID: 18701066
30. Murray PS, Holmes PV. An overview of brain-derived neurotrophic factor and implications for excito-
toxic vulnerability in the hippocampus. Int J Pept. 2011; 2011: 654085. doi: 10.1155/2011/654085
PMID: 21966294
31. Fabel K, Fabel K, Tam B, Kaufer D, Baiker A, Simmons N, et al. VEGF is necessary for exercise-in-
duced adult hippocampal neurogenesis. Eur J Neurosci. 2003; 18: 2803–2812. doi: 10.1111/j.1460-
9568.2003.03041.x PMID: 14656329
32. Trejo JL, Llorens-Martin MV, Torres-Aleman I. The effects of exercise on spatial learning and anxiety-
like behavior are mediated by an IGF-I-dependent mechanism related to hippocampal neurogenesis.
Mol Cell Neurosci. 2008; 37: 402–411. doi: 10.1016/j.mcn.2007.10.016 PMID: 18086533
33. Trejo JL, Carro E, Torres-Aleman I. Circulating insulin-like growth factor I mediates exercise-induced
increases in the number of new neurons in the adult hippocampus. J Neurosci. 2001; 21: 1628–1634.
PMID: 11222653
34. Asakura R, Matsuwaki T, Shim JH, Yamanouchi K, Nishihara M. Involvement of progranulin in the en-
hancement of hippocampal neurogenesis by voluntary exercise. Neuroreport. 2011; 22: 881–886.
doi: 10.1097/WNR.0b013e32834bf4ca PMID: 21934540
35. Chang YT, Chen YC, Wu CW, Yu L, Chen HI, Jen CJ, et al. Glucocorticoid signaling and exercise-in-
duced downregulation of the mineralocorticoid receptor in the induction of adult mouse dentate neuro-
genesis by treadmill running. Psychoneuroendocrinology. 2008; 33: 1173–1182. doi: 10.1016/j.
psyneuen.2008.05.014 PMID: 18760539
36. Okamoto M, Inoue K, Iwamura H, Terashima K, Soya H, AsashimaM, et al. Reduction in paracrine
Wnt3 factors during aging causes impaired adult neurogenesis. FASEB J. 2011; 25: 3570–3582. doi:
10.1096/fj.11-184697 PMID: 21746862
37. Choi JH, Yoo KY, Lee CH, Yi SS, Yoo DY, Seong JK, et al. Effects of treadmill exercise combined
with MK 801 treatment on neuroblast differentiation in the dentate gyrus in rats. Cell Mol Neurobiol.
2011; 31: 285–292. doi: 10.1007/s10571-010-9619-4 PMID: 21052826
38. Bjornebekk A, Mathe AA, Brene S. Running has differential effects on NPY, opiates, and cell prolifera-
tion in an animal model of depression and controls. Neuropsychopharmacology. 2006; 31: 256–264.
doi: 10.1038/sj.npp.1300820 PMID: 16034445
39. Koehl M, Meerlo P, Gonzales D, Rontal A, Turek FW, Abrous DN. Exercise-induced promotion of hip-
pocampal cell proliferation requires beta-endorphin. FASEB J. 2008; 22: 2253–2262. doi: 10.1096/fj.
07-099101 PMID: 18263701
40. Valor LM, Barco A. Hippocampal gene profiling: Toward a systems biology of the hippocampus. Hip-
pocampus. 2012; 22: 929–941. doi: 10.1002/hipo.20888 PMID: 21080408
41. Tong L, Shen H, Perreau VM, Balazs R, Cotman CW. Effects of exercise on gene-expression profile
in the rat hippocampus. Neurobiol Dis. 2001; 8: 1046–1056. doi: 10.1006/nbdi.2001.0427 PMID:
11741400
42. Molteni R, Ying Z, Gomez-Pinilla F. Differential effects of acute and chronic exercise on plasticity-re-
lated genes in the rat hippocampus revealed by microarray. Eur J Neurosci. 2002; 16: 1107–1116.
doi: 10.1046/j.1460-9568.2002.02158.x PMID: 12383240
43. Hunsberger JG, Newton SS, Bennett AH, Duman CH, Russell DS, Salton SR, et al. Antidepressant
actions of the exercise-regulated gene VGF. Nat Med. 2007; 13: 1476–1482. doi: 10.1038/nm1669
PMID: 18059283
44. Stranahan AM, Lee K, Becker KG, Zhang Y, Maudsley S, Martin B, et al. Hippocampal gene expres-
sion patterns underlying the enhancement of memory by running in aged mice. Neurobiol Aging.
2010; 31: 1937–1949. doi: 10.1016/j.neurobiolaging.2008.10.016 PMID: 19070401
45. Burger C, Lopez MC, Baker HV, Mandel RJ, Muzyczka N. Genome-wide analysis of aging and learn-
ing-related genes in the hippocampal dentate gyrus. Neurobiol Learn Mem. 2008; 89: 379–396. doi:
10.1016/j.nlm.2007.11.006 PMID: 18234529
46. Kant GJ, Leu JR, Anderson SM, Mougey EH. Effects of chronic stress on plasma corticosterone,
ACTH and prolactin. Physiol Behav. 1987; 40: 775–779. PMID: 2823307
Exercise Intensity-Dependent Hippocampal Neurogenesis and Gene Profile
PLOS ONE | DOI:10.1371/journal.pone.0128720 June 10, 2015 22 / 25
47. Swenson RM, Vogel WH. Plasma Catecholamine and corticosterone as well as brain catecholamine
changes during coping in rats exposed to stressful footshock. Pharmacol Biochem Behav. 1983; 18:
689–693. PMID: 6682978
48. Friedman SB, Ader R, Grota LJ, Larson T. Plasma corticosterone response to parameters of electric
shock stimulation in the rat. PsychosomMed. 1967; 29: 323–328. PMID: 6059909
49. Haltmeyer GC, Denenberg VH, ZarrowMX. Modification of the plasma corticosterone response as a
function of infantile stimulation and electric shock parameters. Physiol Behav. 1967; 2: 61–63. doi: 10.
1016/0031-9384(67)90012-1
50. Ohiwa N, Saito T, Chang H, Nakamura T, Soya H. Differential responsiveness of c-Fos expression in
the rat medulla oblongata to different treadmill running speeds. Neurosci Res. 2006; 54: 124–132. doi:
10.1016/j.neures.2005.10.014 PMID: 16313989
51. Hori M, Nakamachi T, Rakwal R, Shibato J, Nakamura K, Wada Y, et al. Unraveling the ischemic
brain transcriptome in a permanent middle cerebral artery occlusion mouse model by DNAmicroarray
analysis. Dis Model Mech. 2011; 5: 270–283. doi: 10.1242/dmm.008276 PMID: 22015461
52. Kawashima H, Saito T, Yoshizato H, Fujikawa T, Sato Y, McEwen BS, et al. Endurance treadmill train-
ing in rats alters CRH activity in the hypothalamic paraventricular nucleus at rest and during acute run-
ning according to its period. Life Sci. 2004; 76: 763–774. doi: 10.1016/j.neures.2005.10.014 PMID:
15581908
53. Soya H, Nakamura T, Deocaris CC, Kimpara A, Iimura M, Fujikawa T, et al. BDNF induction with mild
exercise in the rat hippocampus. Biochem Biophys Res Commun. 2007; 358: 961–967. doi: 10.1016/
j.bbrc.2007.04.173 PMID: 17524360
54. Llorens-Martin M, Torres-Aleman I, Trejo JL. Pronounced individual variation in the response to the
stimulatory action of exercise on immature hippocampal neurons. Hippocampus. 2006; 16: 480–490.
doi: 10.1002/hipo.20175 PMID: 16596582
55. Pakkenberg B, Gundersen HJ. Total number of neurons and glial cells in human brain nuclei estimat-
ed by the disector and the fractionator. J Microsc. 1988; 150: 1–20. doi: 10.1111/j.1365-2818 PMID:
3043005
56. Iacono G, Altafini C, Torre V. Early phase of plasticity-related gene regulation and SRF dependent
transcription in the hippocampus. PLoS One. 2013; 8: e68078. doi: 10.1371/journal.pone.0068078
PMID: 23935853
57. Sequeira A, Mamdani F, Ernst C, Vawter MP, BunneyWE, Lebel V, et al. Global brain gene expres-
sion analysis links glutamatergic and GABAergic alterations to suicide and major depression. PLoS
One. 2009; 4: e6585. doi: 10.1371/journal.pone.0006585 PMID: 19668376
58. Ulrich-Merzenich G, Kelber O, Koptina A, Freischmidt A, Heilmann J, Müller J, et al. Novel neurologi-
cal and immunological targets for salicylate-based phytopharmaceuticals and for the anti-depressant
imipramine. Phytomedicine. 2012; 19: 930–939. doi: 10.1016/j.phymed.2012.05.004 PMID:
22743246
59. Hsieh MT, Hsieh CL, Lin LW, Wu CR, Huang GS. Differential gene expression of scopolamine-treated
rat hippocampus-application of cDNAmicroarray technology. Life Sci. 2003; 73: 1007–1016. doi: 10.
1016/S0024-3205(03)00372-2 PMID: 12818353
60. Ke Z, Yip SP, Li L, Zheng XX, Tong KY. The effects of voluntary, involuntary, and forced exercises on
brain-derived neurotrophic factor and motor function recovery: a rat brain ischemia model. PLoS One.
2011; 6: e16643. doi: 10.1371/journal.pone.0016643 PMID: 21347437
61. Brown DA, Johnson MS, Armstrong CJ, Lynch JM, Caruso NM, Ehlers LB, et al. Short-term treadmill
running in the rat: what kind of stressor is it? J Appl Physiol. 2007; 103: 1979–1985. doi: 10.1152/
japplphysiol.00706.2007 PMID: 17916671
62. Selye H. A syndrome produced by diverse nocuous agents. Nature. 1936; 138: 32. doi: 10.1038/
138032a0
63. Ader R. The effects of early experience on the adrenocortical response to different magnitudes of
stimulation. Physiol Behav. 1970; 5: 837–839. PMID: 5522501
64. Barha CK, Brummelte S, Lieblich SE, Galea LA. Chronic restraint stress in adolescence differentially
influences hypothalamic-pituitary-adrenal axis function and adult hippocampal neurogenesis in male
and female rats. Hippocampus. 2011; 21: 1216–1227. doi: 10.1002/hipo.20829 PMID: 20665592
65. West MJ, Andersen AH. An allometric study of the area dentata in the rat and mouse. Brain Res.
1980; 2: 317–348. PMID: 7470858
66. Gregoire CA, Bonenfant D, Le Nguyen A, Aumont A, Fernandes KJ. Untangling the influences of vol-
untary running, environmental complexity, social housing and stress on adult hippocampal neurogen-
esis. PLoS One. 2014; 9: e86237. doi: 10.1371/journal.pone.0086237 PMID: 24465980
Exercise Intensity-Dependent Hippocampal Neurogenesis and Gene Profile
PLOS ONE | DOI:10.1371/journal.pone.0128720 June 10, 2015 23 / 25
67. Oomen CA, Mayer JL, de Kloet ER, Joels M, Lucassen PJ. Brief treatment with the glucocorticoid re-
ceptor antagonist mifepristone normalizes the reduction in neurogenesis after chronic stress. Eur J
Neurosci. 2007; 26: 3395–3401. doi: 10.1111/j.1460-9568.2007.05972.x PMID: 18052970
68. Conrad CD. A critical review of chronic stress effects on spatial learning and memory. Prog Neuropsy-
chopharmacol Biol Psychiatry. 2010; 34: 742–755. doi: 10.1016/j.pnpbp.2009.11.003 PMID:
19903505
69. Yau SY, Lau BWM, Tong JB, Wong R, Ching YP, Qiu G, et al. Hippocampal neurogenesis and den-
dritic plasticity support running-improved spatial learning and depression-like behaviour in stressed
rats. PLoS One. 2011; 6: e24263. doi: 10.1371/journal.pone.0024263 PMID: 21935393
70. Yau SY, Li A, Zhang ED, Christie BR, Xu A, Lee TM, et al. Sustained running in rats administered cor-
ticosterone prevents the development of depressive behaviors and enhances hippocampal neurogen-
esis and synaptic plasticity without increasing neurotrophic factor levels. Cell Transplant. 2014; 23:
481–492. doi: 10.3727/096368914X678490 PMID: 24816445
71. Kiuchi T, Lee H, Mikami T. Regular exercise cures depression-like behavior via VEGF-Flk-1 signaling
in chronically stressed mice. Neuroscience. 2012; 207: 208–217. doi: 10.1016/j.neuroscience.2012.
01.023 PMID: 22306286
72. Snyder JS, Soumier A, Brewer M, Pickel J, Cameron HA. Adult hippocampal neurogenesis buffers
stress responses and depressive behaviour. Nature. 2011; 476: 458–461. doi: 10.1038/nature10287
PMID: 21814201
73. Uda M, Ishido M, Kami K, Masuhara M. Effects of chronic treadmill running on neurogenesis in the
dentate gyrus of the hippocampus of adult rat. Brain Res. 2006; 1104: 64–72. doi: 10.1016/j.brainres.
2006.05.066 PMID: 16824490
74. E L, Burns JM, Swerdlow RH. Effect of high-intensity exercise on aged mouse brain mitochondria,
neurogenesis, and inflammation. Neurobiol Aging. 2014; 35: 2574–2583. doi: 10.1016/j.
neurobiolaging.2014.05.033 PMID: 25002036
75. Huang AM, Jen CJ, Chen HF, Yu L, Kuo YM, Chen HI. Compulsive exercise acutely upregulates rat
hippocampal brain-derived neurotrophic factor. J Neural Transm. 2006; 113: 803–811. doi: 10.1007/
s00702-005-0359-4 PMID: 16252072
76. Myers MG Jr., Sun XJ, Cheatham B, Jachna BR, Glasheen EM, Backer JM, et al. IRS-1 is a common
element in insulin and insulin-like growth factor-I signaling to the phosphatidylinositol 3'-kinase. Endo-
crinology. 1993; 132: 1421–1430. doi: http://dx.doi.org/10.1210/endo.132.4.8384986 PMID: 8384986
77. Nadel J, Huang T, Xia Z, Burlin T, Zametkin A, Smith CB. Voluntary exercise regionally augments
rates of cerebral protein synthesis. Brain Res. 2013; 1537: 125–131. doi: 10.1016/j.brainres.2013.09.
001 PMID: 24016692
78. Cotman CW, Berchtold NC, Christie LA. Exercise builds brain health: key roles of growth factor cas-
cades and inflammation. Trends Neurosci. 2007; 30: 464–472. doi: 10.1016/j.tins.2007.06.011 PMID:
17765329
79. Yirmiya R, Goshen I. Immunemodulation of learning, memory, neural plasticity and neurogenesis.
Brain Behav Immun. 2011; 25: 181–213. doi: 10.1016/j.bbi.2010.10.015 PMID: 20970492
80. Vance JE, Hayashi H, Karten B. Cholesterol homeostasis in neurons and glial cells. Semin Cell Dev
Biol. 2005; 16: 193–212. doi: 10.1016/j.semcdb.2005.01.005 PMID: 15797830
81. Mauch DH, Nägler K, Schumacher S, Goritz C, Müller EC, Otto A, et al. CNS synaptogenesis promot-
ed by glia-derived cholesterol. Science. 2001; 294: 1354–1357. doi: 10.1126/science.294.5545.1354
PMID: 11701931
82. Pfrieger FW. Outsourcing in the brain: do neurons depend on cholesterol delivery by astrocytes?
Bioessays. 2003; 25: 72–78. doi: 10.1002/bies.10195 PMID: 12508285
83. Barres BA, Smith SJ. Neurobiology. Cholesterol—making or breaking the synapse. Science. 2001;
294: 1296–1297. doi: 10.1126/science.1066724 PMID: 11701918
84. Yang CP, Gilley JA, Zhang G, Kernie SG. ApoE is required for maintenance of the dentate gyrus neu-
ral progenitor pool. Development. 2011; 138: 4351–4362. doi: 10.1242/dev.065540 PMID: 21880781
85. Oh JY, Nam YJ, Jo A, Cheon HS, Rhee SM, Park JK, et al. Apolipoprotein E mRNA is transported to
dendrites and may have a role in synaptic structural plasticity. J Neurochem. 2010; 114: 685–696. doi:
10.1111/j.1471-4159.2010.06773.x PMID: 20456011
86. Kimoto T, Tsurugizawa T, Ohta Y, Makino J, Tamura H, Hojo Y, et al. Neurosteroid synthesis by cyto-
chrome p450-containing systems localized in the rat brain hippocampal neurons: N-methyl-D-aspar-
tate and calcium-dependent synthesis. Endocrinology. 2001; 142: 3578–3589. PMID: 11459806
87. Knobloch M, Braun SMG, Zurkirchen L, von Schoultz C, Zamboni N, Araúzo-Bravo MJ, et al. Metabol-
ic control of adult neural stem cell activity by Fasn-dependent lipogenesis. Nature. 2013; 493: 226–
230. doi: 10.1038/nature11689 PMID: 23201681
Exercise Intensity-Dependent Hippocampal Neurogenesis and Gene Profile
PLOS ONE | DOI:10.1371/journal.pone.0128720 June 10, 2015 24 / 25
88. Chorna NE, Santos-Soto IJ, Carballeira NM, Morales JL, de la Nuez J, Cátala-Valentin A, et al. Fatty
Acid synthase as a factor required for exercise-induced cognitive enhancement and dentate gyrus
cellular proliferation. PLoS One. 2013; 8: e77845. doi: 10.1371/journal.pone.0077845 PMID:
24223732
89. Folli F, Bonfanti L, Renard E, Kahn CR, Merighi A. Insulin receptor substrate-1 (IRS-1) distribution in
the rat central nervous system. J Neurosci. 1994; 14: 6412–6422. PMID: 7965046
90. ZhengWH, Quirion R. Comparative signaling pathways of insulin-like growth factor-1 and brain-de-
rived neurotrophic factor in hippocampal neurons and the role of the PI3 kinase pathway in cell surviv-
al. J Neurochem. 2004; 89: 844–852. doi: 10.1111/j.1471-4159.2004.02350.x PMID: 15140184
91. Agis-Balboa RC, Arcos-Diaz D, Wittnam J, Govindarajan N, Blom K, Burkhardt S, et al. A hippocam-
pal insulin-growth factor 2 pathway regulates the extinction of fear memories. EMBO J. 2011; 30:
4071–4083. doi: 10.1038/emboj.2011.293 PMID: 21873981
92. Bracko O, Singer T, Aigner S, Knobloch M, Winner B, Ray J, et al. Gene expression profiling of neural
stem cells and their neuronal progeny reveals IGF2 as a regulator of adult hippocampal neurogenesis.
J Neurosci. 2012; 32: 3376–3387. doi: 10.1523/JNEUROSCI.4248-11.2012 PMID: 22399759
93. Baskin DG, Schwartz MW, Sipols AJ, D'Alessio DA, Goldstein BJ, White MF. Insulin receptor sub-
strate-1 (IRS-1) expression in rat brain. Endocrinology. 1994; 134: 1952–1955. doi: http://dx.doi.org/
10.1210/endo.134.4.7511094 PMID: 7511094
94. Head BP, Patel HH, Tsutsumi YM, Hu Y, Mejia T, Mora RC, et al. Caveolin-1 expression is essential
for N-methyl-D-aspartate receptor-mediated Src and extracellular signal-regulated kinase 1/2 activa-
tion and protection of primary neurons from ischemic cell death. FASEB J. 2008; 22: 828–840. doi:
10.1096/fj.07-9299com PMID: 17905724
95. Yamamoto M, Toya Y, Schwencke C, Lisanti MP, Myers MG Jr., Ishikawa Y. Caveolin is an activator
of insulin receptor signaling. J Biol Chem. 1998; 273: 26962–26968. doi: 10.1074/jbc.273.41.26962
PMID: 9756945
96. Manadas B, Santos AR, Szabadfi K, Gomes JR, Garbis SD, Fountoulakis M, et al. BDNF-induced
changes in the expression of the translation machinery in hippocampal neurons: protein levels and
dendritic mRNA. J Proteome Res. 2009; 8: 4536–4552. doi: 10.1021/pr900366x PMID: 19702335
97. Binder DK. Neurotrophins in the dentate gyrus. Prog Brain Res. 2007; 163: 371–397. doi: 10.1016/
S0079-6123(07)63022-2 PMID: 17765730
98. Goshen I, Kreisel T, Ounallah-Saad H, Renbaum P, Zalzstein Y, Ben-Hur T, et al. A dual role for inter-
leukin-1 in hippocampal-dependent memory processes. Psychoneuroendocrinology. 2007; 32: 1106–
1115. doi: 10.1016/j.psyneuen.2007.09.004 PMID: 17976923
99. Keohane A, Ryan S, Maloney E, Sullivan AM, Nolan YM. Tumour necrosis factor-alpha impairs neuro-
nal differentiation but not proliferation of hippocampal neural precursor cells: Role of Hes1. Mol Cell
Neurosci. 2010; 43: 127–135. doi: 10.1016/j.mcn.2009.10.003 PMID: 19840854
100. Golan H, Levav T, Mendelsohn A, Huleihel M. Involvement of tumor necrosis factor alpha in hippo-
campal development and function. Cereb Cortex. 2004; 14: 97–105. doi: 10.1093/cercor/bhg108
PMID: 14654461
Exercise Intensity-Dependent Hippocampal Neurogenesis and Gene Profile
PLOS ONE | DOI:10.1371/journal.pone.0128720 June 10, 2015 25 / 25
